The tree bark periderm confers the first line of protection against pathogen invasion and abiotic stresses. The phellogen (cork cambium) externally produces cork (phellem) cells that are dead at maturity; while metabolically active, these tissues synthesize cell walls, as well as cell wall modifications, namely suberin and waxes. Suberin is a heteropolymer with aliphatic and aromatic domains, composed of acylglycerols, cross-linked polyphenolics and solvent-extractable waxes. Although suberin is essentially ubiquitous in vascular plants, the biochemical functions of many enzymes and the genetic regulation of its synthesis are poorly understood. We have studied suberin and wax composition in four developmental stages of hybrid poplar (Populus tremula x Populus alba) stem periderm. The amounts of extracellular ester-linked acyl lipids per unit area increased with tissue age, a trend not observed with waxes. We used RNA-Seq deep-sequencing technology to investigate the cork transcriptome at two developmental stages. The transcript analysis yielded 455 candidates for the biosynthesis and regulation of poplar suberin, including genes with proven functions in suberin metabolism, genes highlighted as candidates in other plant species and novel candidates. Among these, a gene encoding a putative lipase/acyltransferase of the GDSL-motif family emerged as a suberin polyester synthase candidate, and specific isoforms of peroxidase and laccase genes were preferentially expressed in cork, suggesting that their corresponding proteins may be involved in cross-linking aromatics to form lignin-like polyphenolics. Many transcriptional regulators with possible roles in meristem identity, cork differentiation and acyl-lipid metabolism were also identified. Our work provides the first large-scale transcriptomic dataset on the suberin-synthesizing tissue of poplar bark, contributing to our understanding of tree bark development at the molecular level. Based on these data, we have proposed a number of hypotheses that can be used in future research leading to novel biological insights into suberin biosynthesis and its physiological function.
Introduction
As part of the adaptations to land life, terrestrial plants developed lipophilic extracellular barriers to cope with environmental stresses such as drought, pathogen invasion and UV radiation (Pollard et al. 2008) . These barriers include the plant cuticle, which covers the surface of most aerial organs, and suberin. Suberin is a cell wall-specific heteropolymer deposited in specific external and internal plant tissues including tree bark and tuber periderms, root exodermis and endodermis, seed coats, and the bundle sheath cells of monocot plants, where it controls water and solute diffusion (Pollard et al. 2008 , Ranathunge et al. 2011 . In addition to its deposition during normal development, suberin biosynthesis can also be triggered in response to environmental stresses such as wounding, pathogen attack, and cold-, mineral-and water-stress (Lulai and Corsini 1998 , Kolattukudy 2001 , Enstone et al. 2003 , Schreiber et al. 2005a , 2005b .
Suberin is found on the internal side of the cell walls, where it is deposited. When viewed under a transmission electron microscope, suberin deposition characteristically appears lamellar (Pollard et al. 2008) . The exact macromolecular structure of suberin remains unknown. Current models describe suberin as an aliphatic polyester of glycerol and fatty acid (FA) derivatives cross-linked with polyaromatics and associated with solventsoluble waxes (Bernards 2002, Graça and Santos 2007) . Depolymerization of suberin-rich tissues usually releases a mixture of aliphatics with chain-lengths between 16 and 24 carbons, and ferulate. The aliphatics typically include saturated and monounsaturated α,ω-dicarboxylic acids (DCAs), ω-hydroxy acids, fatty alcohols and ferulate (Kolattukudy 2001 , Ranathunge et al. 2011 . The monomer composition of the polyaromatic domain is less understood.
The characterization of Arabidopsis mutants with altered suberin compositions facilitated the discovery of many genes in the suberin pathway . The use of techniques such as translational fusions with fluorescent markers has revealed that the majority of FA modification takes place at the ER membrane (Höfer et al. 2008 ). Plastidial FA biosynthesis provides the C16/18 acyl precursors for suberin building blocks (reviewed by Li-Beisson et al. 2013) . These precursors and their elongation products then undergo a series of acyl-oxidation, acyl-reduction and acyl-transfer steps. The enzymes responsible for several of the above-identified steps in suberin biosynthesis correspond to the CYP86 subfamily of P450 monooxygenases, long-chain acyl-CoA synthetase (LACS) family and glycerol-3-phosphate acyltransferase (GPAT) family. Other enzymes, including those integrating the fatty acid elongation (FAE) complex and fatty acyl reductases (FAR) that reduce acids to alcohols, are important for suberin biosynthesis. Products of the phenylpropanoid pathway, mainly ferulate, are also esterified to alcohols or ω-hydroxy acids via HXXXD-motif transferase enzymes to form units that are further assembled into the acyl-glycerol polyester, or that remain as suberinassociated waxes (Molina et al. 2009 , Kosma et al. 2012 , Molina and Kosma 2015 .
Although significant advances have been made, our understanding of the suberization process remains incomplete. While hybridization-based technologies have afforded a wealth of information on candidate genes for lipid polyester biosynthesis (Suh et al. 2005 , Soler et al. 2007 ), next-generation sequencing provides unbiased high throughput analysis of non-model, economically relevant crop and tree species (Marioni et al. 2008) . Microarray and subtractive hybridization methodologies have previously been applied to study cork oak and potato periderms (Soler et al. 2007 (Soler et al. , 2011 . Since the Populus trichocarpa genome is fully sequenced, this woody tree species represents an attractive target to study suberin biosynthesis on a broad genomic scale (Tuskan et al. 2006 , Ralph et al. 2008 . To facilitate future functional genomic approaches using hypotheses generated by this study, we selected a fast growing, easily transformed and amenable to CRISPR-based genome editing aspen hybrid (Populus tremula x Populus alba) (Costa et al. 2013 , Zhou et al. 2015a ) to investigate suberin biosynthesis. A better understanding of suberin formation in poplar could assist in breeding or engineering more stress-resistant clones that are better adapted to climate change. Hybrid poplar is economically relevant to the pulp and paper industry, and is becoming increasingly important to the biofuel industry. Poplar is also a suitable feedstock for production of bio-based products such as ethanol (reviewed by Sannigrahi et al. 2010 ). Additionally, poplar has an enormous carbon sink capacity, and it is gaining importance in agroforestry plantations as a strategy to mitigate atmospheric accumulation of CO 2 (Calfapietra et al. 2010) .
Tree bark biology has been less extensively explored than wood biology, perhaps because the bark typically represents a much smaller fraction of the trunk volume than wood, and is less heavily relied upon for manufacturing. In fact, the vascular cambium produces up to 15 times more secondary xylem than phloem, this last being the main component of the inner bark. This radial expansion pushes the cortex and epidermis outward. The epidermis is replaced by the periderm, which is composed of a secondary meristem (phellogen or cork cambium), and two tissues develop from this cambium: phelloderm, deposited internally, and phellem or cork tissue, found externally to the cambium. Cork (phellem) cells die after differentiation, and their secondary cell walls are rich with suberin as well as extractable waxes and secondary metabolites (Esau 1977 , Lev-Yadun 2011 . While metabolically active, a number of pathways are thus activated in the phellem/phellogen tissues.
Here, we present the chemical composition of suberin, surface waxes and total lignin at four developmental stages of hybrid poplar bark periderm. We report the results of transcriptomic analysis of bark tissues explored at two selected developmental stages, and used genes upregulated in cork to infer a comprehensive array of regulatory and biosynthetic candidates for suberin biosynthesis. We discuss possible candidate genes for further functional analysis, taking into account the chemical profile derived, to possibly link candidate genes to their respective suberin monomer, wax or lignin-type products. and 8.5-10.0 mm diameter (stage IV). For RNA sequencing, outer bark ('cork', containing developing phellem cells) and inner bark ('control', containing phloem and vascular cambium) sections were manually separated using a razor blade, immediately placed in liquid nitrogen, and stored at −80°C until time of use.
RNA extraction and purity
All chemicals listed in this section and subsequent sections were purchased from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise specified. Tissues were harvested from four trees (i.e., four biological replicates; stage III) or from three trees (stage II). Total RNA was extracted from 1 g tissue from each tree as described by Chang et al. (1993) . Pellets were dried, re-dissolved in RNase-free water, and stored at −80°C until use. RNA purity was assessed using 1% gel electrophoresis and OD 260/280 and OD 260/230 ratios using a NanoDrop ND-1000 UV-VIS spectrophotometer (Thermo Fisher Scientific, Inc., Ottawa, ON, Canada). RNA integrity was verified with an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) prior to sequencing.
Illumina cDNA preparation and sequencing
Fifty micrograms of RNA (n = 3: stage II; n = 4: stage III) were extracted from cork and control samples. Messenger RNA was enriched and purified using oligo-dT beads and reverse transcribed to generate cDNA fragments~200 bp in length, sheared using a Covaris instrument. Libraries were generated using the unstranded RNA protocol. Libraries were multiplexed in two lanes and then sequenced using single-read format, 50-base reads by an Illumina HiSeq2000 Sequencing Platform (Illumina Inc., San Diego, CA, USA)
Processing and mapping of Illumina reads
The RNA sequencing generated between 35 and 49 million single reads per library using the Illumina HiSeq2000 sequencer. All mapping, processing and differential expression analysis was carried out at the McGill University and Genome Quebec Innovation Center (Montreal, Quebec, Canada). RNA-Seq reads were trimmed and clipped using the Trimmomatic software (Bolger et al. 2014) , ensuring a Phred score ≥30 when reads are trimmed from the 3′ end. All reads <32 bp after sequencing adapters removed were discarded and not mapped to the reference genome. The remaining reads were aligned to the reference genome v3.0 JGI P. trichocarpa (http://www.phytozome. net/poplar.php; Tuskan et al. 2006 ) using a combination of Tophat ) and Bowtie (Langmead et al. 2009 ) software. Between 40% and 41% of the reads were aligned to the reference genome. Cufflinks (Roberts et al. 2011) was used to assemble aligned RNA-Seq reads into transcripts, estimating the abundance in Fragments Per Kilobase of exon per Million fragments mapped. A statistical model was utilized by Cufflinks to determine the probability of abundance for a set of transcripts given a set of fragments. Both control and cork transcripts generated by cufflinks were annotated with a known set of reference transcripts obtained from JGI.
Differential expression analysis
Differential gene expression was performed using the bioconductor package EdgeR (Robinson et al. 2010) for R. Count data obtained using HTSeq was used as input and Reads Per Kilobase of exon per Million (RPKM) values were calculated using in-house perl scripts. P-values were corrected for multiple testing with the Benjamini-Hochberg false discovery rate (FDR), and deemed to be significant if adjusted P-value was <0.05 and at least a twofold change (FC) was observed (>2 or <0.25). The FC is defined here as the cork-to-control gene expression ratio.
Functional annotation
Annotations were retrieved from Phytozome v9.0 using assembly JGI v3.0 P. trichocarpa. Best TAIR 10 hits were retrieved from Phytozome using BlastP, where the poplar proteome was aligned to the target Arabidopsis thaliana with a cutoff e-value of 1 × 10 −3 using BLAST+ 2.2.26. Best TAIR 10 hits were assigned using the primary poplar transcript only. Where no annotation was available, BlastX was used to assign functionality with a cutoff value of e <1 × 10 −25 and using Blast2GO software (Conesa et al. 2005) . Transcripts with best hits to genes of the acyl-lipid metabolism database were annotated according to their putative Arabidopsis homologs (Li-Beisson et al. 2013 ).
Gene ontology classification
Best TAIR 10 hits were retrieved from Phytozome using the parameters detailed above. Together with log-two transformed FC values from transcriptomic analysis, each transcript ID was mapped according to the categories Molecular Function, Biological Process and Cellular Component, using agriGO (Du et al. 2010) . Gene ontology (GO) enrichment was determined using the PAGE (Parametric Analysis of Gene set Enrichment) tool in agriGO, Hochberg (FDR) corrected, with a significance level of 0.05.
Quantitative real-time PCR analysis
Isolation of total RNA was carried out as described above for control and cork tissues of each age stage. The RNA was DNase-treated using Life Technologies Turbo DNase according to the manufacturer's instructions. Subsequent synthesis of cDNA was carried out using Maxima ® First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc., Ottawa, ON, Canada). The transcript levels of 12 genes (Table S1 available as Supplementary Data at Tree Physiology Online) were quantified using the comparative cycle threshold (Ct) method (ΔΔCt method ; Pfaffl 2001 Pfaffl , 2006 with adjusted efficiencies. All expression was normalized to the geometric mean of the relative transcript abundance of two endogenous controls, TIP41-LIKE FAMILY PROTEIN (TIP41) and CELL DIVISION CONTROL 2 (CDC2), which present stable expression in the bark of this Populus genotype and are validated as reference genes for quantitative real-time PCR (qRT-PCR) approaches (Pettengill et al. 2012) . Ratios are expressed as a function of the mean cork-tocontrol relative expression (i.e., outer cork to inner cork), and log 2 -transformed. A minimum of three technical replicates were carried out for each sample
Wax analysis
Waxes were extracted by dipping 3 cm-long bark samples in chloroform. To each extract, 10 μg of the internal standards, namely n-octacosane, 1-pentadecanol and heptadecanoic acid, were added. Samples were dried down under a stream of nitrogen, TMSi derivatized, and analyzed via gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detector (GC-FID) to determine peak identity and quantity, respectively, according to the method used by Li et al. (2007b) .
Lipid polyester analysis
Tissues remaining after wax removal were further subjected to sequential solvent extractions to remove soluble lipids, as described by Molina et al. (2006) . Briefly, dry delipidated residues enriched in cell walls were depolymerized by methanolysis in the presence of sodium methoxide, which releases FAs as methyl esters. Monomers were extracted with dichloromethane, and derivatized to convert alcohols to TMSi-ethers for subsequent identification by GC-MS. For quantification purposes, samples were acetylated and monomers analyzed by GC-FID.
Lignin analysis
Bark tissue was ground to a fine powder with mortar and pestle in liquid nitrogen. The cell wall fraction was isolated enzymatically as previously described by Foster et al. (2010) and total acetyl bromide soluble lignin was determined using an Epoch BioTek spectrophotometer (BioTek Instruments, Inc. Winooski, VT, USA).
Microscopy
Free-hand transverse sections were obtained using a doubleedged razor blade at different stages of the bark. Sections were counterstained in 0.5% Aniline Blue for 30 min to quench autofluorescence by lignin (Brundrett et al. 1988) , then rinsed with water and stained in 0.01% Yellow 088 for 1 h to identify suberin lamellae (Brundrett et al. 1991) . Sections were observed and imaged with a confocal LSM 510 Duo (Carl Zeiss MicroImaging, Göttingen, Germany). For yellow signal capture, samples were excited with a 458-nm line of argon laser, and the signal was collected with a 505 to 565 nm band-pass filter.
Results

Changes in extracellular lipids during periderm development
Bark samples were harvested from branches undergoing elongation (i.e., latest growing season) at three developmental stages (I-III), and to serve as a control, one stage from the previous growing season (stage IV) (Figure 1a -c). After staining with fluorol yellow, a suberin lamellae-specific fluorochrome, higher fluorescence intensity was observed as the periderm matured (Brundrett et al. 1990 (Brundrett et al. , 1991 . All tissues contained at least three rows of phellem cells; however, stages I and II tissues showed weak and irregular distribution of fluorol yellow fluorescence intensity throughout the periderm (Figure 1d ). We next analyzed extracellular lipid composition in poplar outer bark tissues. As illustrated in Figure 2a , the concentration of waxes per unit area was similar between stages I and II, and between III and IV, with older bark having 30% higher loads. Three major wax component classes were found, namely FAs, primary alcohols and alkanes. Whereas alkanes constituted 65% of the total identified waxes of younger bark surfaces, their relative amount in more mature tissue waxes was 30%, with primary Tree Physiology Online at http://www.treephys.oxfordjournals.org alcohols and free FAs constituting 30% and 40% of stage III waxes, respectively (Figure 2a) . The load reduction in the alkane group was almost exclusively due to a decrease in the 27:0 homolog, whereas the major fatty alcohols increasing with tissue age were the 24:1, 26:1, 27:0 and 28:1 species (Figure 2a , Table S2 available as Supplementary Data at Tree Physiology Online).
The total wax increase was modest compared with the increase in suberin load as the cork tissue develops (Figure 2b) . However, the proportions of suberin monomer classes, namely FAs, hydroxycinnamic acid (HCAs) derivatives, DCAs and ω-hydroxy fatty acids (OH-FAs), remained similar in stages I-III. An increase in the aromatics from 3 mol% in stages I-III to 9 mol% in stage IV (Table S3 available as Supplementary Data at Tree Physiology Online) at the expense of a decrease in ω-hydroxy acids by 10 mol%, and only traces of primary alcohols (0.5-1.0%) were found in the depolymerization products of poplar bark suberin (Table S3 available as Supplementary Data at Tree Physiology Online). The dominant species of bark suberin were 16:0 and 18:1 DCAs and ω-hydroxy acids. All monomers increased with tissue age with the exception of 10,16-dihydroxypalmitate, which was highest in stage I and lowest in stage IV bark. Our results also indicate the presence of in-chain hydroxylated 18:1 DCAs and OH-FAs (1.8-2.8 ± 0.2 mol %; Table S3 available as Supplementary Data at Tree Physiology Online), which have been identified as the photo-oxidation or auto-oxidation products of oleate in other plant species .
To investigate the polyphenolic (lignin-like) component of suberin, total acetyl bromide (AcBr) soluble lignin (ABSL) was determined across all four developmental stages ( Figure S1 available as Supplementary Data at Tree Physiology Online). Approximately equal amounts of AcBr soluble lignin were found in stages III and IV; 11.5% ABSL and 11.6% ABSL, respectively. Younger tissues contained less soluble phenolic material with stage I containing 8.4% ABSL and stage II containing 9.6% ABSL.
Genome wide transcriptomic analysis identifies over 3000 differentially expressed genes in mature tissues
To determine the levels of genes expressed in suberinsynthesizing tissues, RNA was extracted from cork and control tissues of stages II and III. Complementary DNA (cDNA) libraries prepared from total RNA achieved approximately 40% alignment to the reference genome (Table S4 available as Supplementary Data at Tree Physiology Online). Using EdgeR (Robinson et al. 2010) , 1275 genes were found to be differentially expressed in stage II cork. Among these, 898 were found to be upregulated, with 683 showing unique BLASTX hits in the TAIR 10 (The Arabidopsis Information Resource 10) gene database (Table S5  available (Table S6 available as Supplementary Data at Tree Physiology Online). Among upregulated poplar cork genes in stage III, 95 had no TAIR 10 match while 129 downregulated genes had no match.
To provide an overview of the functional categories that included genes with significant changes in expression in cork compared with control, MapMan bins (Thimm et al. 2004) were used to group all DE genes in stages II (Table S5 available as Supplementary Data at Tree Physiology Online) and III (Table S6 available as Supplementary Data at Tree Physiology Online). Using the best TAIR 10 hits, unique MapMan bins were determined for 96% and 93% of all stage II and stage III DE genes, respectively. Most differentially expressed genes in poplar cork fell into 15 top bins (Figure 3a) , notably including metabolic processes related to extracellular lipid deposition (e.g., cell wall, lipid metabolism, secondary metabolism, development and transport). Other prominent categories were RNA, signaling and hormone, which would be consistent with a complex signaling mechanism as response to hormones combined with transcriptional regulation. Within metabolic processes, lipid metabolism, cell wall and secondary metabolism categories contained large proportions of upregulated genes, while downregulated genes mostly belonged to primary carbon metabolism, glycolysis/gluconeogenesis and sugar transport ( Figure 3b ).
Because the functional classification generated by MapMan is limited to those poplar genes that have putative Arabidopsis homologs that have been functionally characterized, we have also utilized GO annotations to provide further evidence of cork functional specialization Volsky 2005, Du et al. 2010) . Gene ontology terms were assigned for 100% (683/683) and 99.9% (1320/1321) of the stage II and stage III upregulated transcripts queried, respectively. Upregulated genes in stage II were enriched in 34 terms (Table S7 available Tree Physiology Online at http://www.treephys.oxfordjournals.org enriched in 51 terms (Table S8 available (Table S9 available as Supplementary Data at Tree Physiology Online). Stage II-enriched terms were also dominated by the biological processes (P) and molecular function (F) categories; however, they were not enriched in terms corresponding to extracellular lipid metabolism.
Fifty most upregulated phellogen genes encode proteins related to metabolism and RNA regulation
The top 50 upregulated genes in poplar periderm (Table 1) represent several different functions, with 24% corresponding to lipid metabolic processes, 10% to cell wall metabolism, 18% to transcriptional regulation and 12% to putative monooxygenases, which is consistent with a secondary tissue experiencing extensive cell wall remodeling and biosynthesis of extracellular lipids. The remaining transcripts belong to other metabolism (12%), transport (8%), signal transduction (2%) and not assigned (14%). Our list of highest DE transcripts includes six with no hits in the BLASTx searches against ARALIP, SwissProt, RefSeq or non-redundant (nr) nucleotide databases, eight with best hits to transcription factors from eight different families, and one putative transcriptional repressor.
When this list of 50 upregulated transcripts from stage III periderm (Table 1 ) was compared with that of stage II (Table S10 available as Supplementary Data at Tree Physiology Online), only three genes overlapped (denoted in Table 1 with an asterisk). Only one of such transcripts is known to be involved in lipid metabolism. Hence, the top 50 upregulated genes in stage II tissues differed largely from that of stage III. Many of the DE genes in stage II corresponded to families that are known to be associated with cell elongation (Irshad et al. 2008) , including expansins, xyloglucan endotransglucosylase/hydrolases and peroxidases, as well as several proteases and proteins with interacting domains.
Cork upregulated genes include 455 candidates for suberin biosynthesis and regulation
Transcripts that were differentially expressed in cork were mapped to the P. trichocarpa genome v3.0 (Tuskan et al. 2006) and their putative Arabidopsis homologs were identified using BLASTP. Where possible, we used functional annotations from ARALIP for genes of acyl-lipid metabolism (Li-Beisson et al. 2013) . Genes were classified into various functional categories relevant to suberin metabolism, namely acyl-lipid metabolism, phenylpropanoid metabolism, regulation and monooxygenases. At least 20% of upregulated genes in stage III cork corresponded to genes encoding proteins with functions or putative functions in aliphatic suberin and wax metabolism (Tables S6 and S11 available as Supplementary Data at Tree Physiology Online).
Of the 821 genes known to be associated with acyl-lipid metabolism retrieved from ARALIP, 85 were upregulated in stage II and 166 were upregulated in stage III tissues. Stage III cork tissue showed a 75% increase in the number of genes corresponding to FAE and wax biosynthesis, 118% increase in genes related to aliphatic lipid polyester biosynthesis and a 240% increase in genes of oxylipin metabolism when compared with stage II. Over 50% of the genes known to be associated with aliphatic polyesters and wax biosynthesis were found to be upregulated in stage III tissues ( Table 2, Table S11 available as Supplementary Data at Tree Physiology Online)
Genes in the phenylpropanoid pathway, which provides the precursors for the ester-bound hydroxycinnamate derivatives and the aromatic cross-linked components of suberin, were also upregulated in stage III tissues, but very few of these were upregulated in stage II. Employing information from ARALIP and KEGG pathways in combination with the chemical analysis (Figure 2 , Tables S2 and S3 available as Supplementary Data at Tree Physiology Online), we have generated hypothetical pathways for poplar aliphatic suberin biosynthesis ( Figure 4 ) and phenylpropanoid biosynthesis ( Figure 5 ). Table 2 contains a summarized list of candidate genes potentially involved in acyl-lipid metabolism and its regulation, whereas Table S11 available as Supplementary Data at Tree Physiology Online provides the full list of poplar candidate genes for acyl-lipid metabolism, with a focus on candidates for suberin biosynthesis and regulation identified in this study. We emphasize that these pathways are hypothetical, assuming that the families of upregulated genes involved have conserved functions between poplar and Arabidopsis.
Among the upregulated transcription factors found in cork, 24 and 43 R2R3-MYB family transcripts were found in stages II and III, respectively (Table S11 available as Supplementary Data at Tree Physiology Online). Members of this family have proven functions in regulating extracellular lipid deposition belong to the subgroups 1, 9, 10, 11 and 24, according to the classification proposed by Dubos et al. (2010) for this family. Phylogenetic analysis of the Arabidopsis proteins corresponding to these subgroups, their poplar homologs identified in this study and those highlighted in the apple russet transcriptome (Legay et al. 2015) suggest conserved functions for members of these subclades in extracellular lipid deposition ( Figure 6 ). Fifty percent of the poplar cork-specific MYBs upregulated in stage III periderm corresponded to one of these subgroups.
Stage III cork contained upregulated transcripts possibly encoding proteins of the SHINE clade of the AP2-type transcription factor family with proven functions in wax and cutin biosynthesis in Arabidopsis (Table 2, Table S11 available as Supplementary Data at Tree Physiology Online, Kannangara et al. 2007 ). In addition, transcripts with best matches to genes of the NAC and WRKY families of transcription factors were has been found also upregulated in Arabidopsis periderm (Zhao et al. 2005) , whereas WRKY43 was reported to be enriched in oak tree periderm (Soler et al. 2007 ).
Quantitative real-time PCR validation of differentially expressed transcripts
To assess the quality of tissues harvested and validate the RNASeq results, selected genes for extracellular lipid metabolism and lignin biosynthesis, and control genes with vascular-specific or ubiquitous expression were further investigated by qRT-PCR (Table S1 available (Figure 7 ), thereby validating our sequencing data. Additionally, consistent upregulation of suberin related genes in the outer bark (cork), as well as upregulation of GUX1 in the control tissue confirm this finding.
Discussion
We have studied the extracellular lipids present in four developmental stages of poplar stem bark. We used RNA-Seq deepsequencing technology to investigate the cork transcriptome at two stages and confirmed transcript abundance results for a subset of genes via qRT-PCR. The presence of upregulated photosynthesis genes in cork (Figure 3 ) indicated that manual tissue harvesting caused some cross contamination of tissue types. Therefore, qRT-PCR validation was necessary to ensure the tissues sequenced contained cork developing cells (Figure 7) . Many of these genes have been reported as potentially involved in extracellular lipid biosynthesis in other plant species, particularly Arabidopsis, and several have been functionally characterized. Thus, we have utilized Arabidopsis gene functional annotations to identify key players, which may have conserved functions. This approach, however, might have missed genes that may not play the same roles in Arabidopsis and Populus. In addition, some transcripts highly expressed in poplar cork did not have a functional annotation in any species and represent candidates for future studies in tree cork differentiation or suberization. Libraries prepared from total RNA achieved relatively low alignment to the reference P. trichocarpa genome (Table S4 available as Supplementary Data at Tree Physiology Online), which may be a result of the genome variation between the two species. A de Tree Physiology Online at http://www.treephys.oxfordjournals.org novo assembly could have also been used to improve the alignment, but this approach is currently not feasible for a highly heterogeneous genome . In the next sections, we discuss the candidate genes highlighted from this study in the context of the different metabolic pathways involved in suberin deposition and the transcriptional regulation of its biosynthesis.
Aliphatic suberin and wax biosynthesis
Chloroform-extractable waxes from whole poplar bark tissues present compound mixtures commonly found in plant surfaces (Figure 2a ). The total wax load of identified components ranged from 8 to 10 mg cm
; this is similar to reported values for potato periderm (Schreiber et al. 2005b ). The composition of aerial periderm waxes of poplar, however, lacks alkyl-hydroxycinnamates, which are present in most subterranean periderm-associated waxes studied . Unlike Arabidopsis rootassociated waxes (Li et al. 2007b) , no compositional overlap between the cork surface waxes and the suberin polyester was found, except for the FA fraction.
Most wax components and several suberin monomers derive from very long-chain fatty acid (VLCFA) precursors, and therefore the elongation of plastid-derived FAs is the initial step in the biosynthesis of such precursors. Transcripts with closest matches to LONG-CHAIN ACYL-COENZYME A SYNTHETASES LACS1/CER8 and LACS2, encoding enzymes that activate C16-and C18-coenzyme A (CoA) substrates for the FAE complex that produces VLCFAs (Lu et al. 2009 , Weng et al. 2010 , were significantly upregulated ( Table 2 ). The FAE complex is comprised of four enzymes: β-KETOACYL-COA SYNTHASE (KCS), β-KETOACYL-COA REDUCTASE (KCR), β-HYDROXYACYL-COA DEHYDRATASE (HCD) and ENOYL-COA REDUCTASE (ECR), which work sequentially to elongate acyl-CoA chains (Li-Beisson et al. 2013) . Whereas KCS possesses substrate specificity, the remaining three enzymes of the complex do not. Not surprisingly, several genes encoding FAE complex enzymes were upregulated in poplar cork, including KCS10/FDH and KCS19 (Table 1) , as well as KCS1, KCS2 and KCS6 (Table 2; Millar et al. 1999 , Todd et al. 1999 , Fiebig et al. 2000 , Hooker et al. 2002 ). While the Arabidopsis genes KCS1, 10 and 6 have been shown to encode enzymes with functions in cuticle biosynthesis, KCS2 plays dual roles in cuticular wax and suberin biosynthesis ). Transcripts with best hits to KCR, HCD and ECR were also upregulated in poplar cork (Table 2) . Wax acyl precursors usually contain between 20 and 34 carbons that are cleaved to produce free FAs or may enter one of two routes: the decarbonylation pathway or acyl-reduction pathway, which give rise to alkanes and primary alcohols, respectively (LiBeisson et al. 2013 ). CER1 and CER3, which are required for alkane production (Bernard et al. 2012) , were notably upregulated in stage III periderm (Table 2 ). In spite of the predominance of alkanes in stage II cork waxes, CER1 transcripts were not differentially expressed in this stage. Although total wax load did not significantly differ as a function of developmental stage, variations among wax constituent classes were observed. Fatty alcohols augmented three times in stage III Figure 6 . Phylogenetic analysis of the clade of R2R3-MYB transcription factors that includes proteins known or predicted to function as regulators of cutin, wax and suberin deposition. The clade includes subgroups S1, S9, S10, S11, S14 and S24. The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei 1987) . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches (Felsenstein 1985) . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling 1965) and are in the units of the number of amino acid substitutions per site. The analysis involved 47 amino acid sequences from A. thaliana. All positions containing gaps and missing data were eliminated. There were a total of 221 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016 ).
Tree Physiology Online at http://www.treephys.oxfordjournals.org bark, notably caused by increases in alkenols (i.e., 22:1, 24:1, 26:1 and 28:1) as well as 27:0 alkanol. Fatty acyl reductase (FAR) enzymes reduce the carboxyl carbon of acyl-CoAs to yield primary alcohols, but our BLAST analysis did not show any transcripts corresponding to the isoforms previously characterized for suberin, namely FAR1, FAR4 and FAR5 (Rowland et al. 2006 , Domergue et al. 2010 , on the DE gene list. However, PtFAR isoforms with best hits to AtFAR3 (i.e., Potri.004G185000, Potri.004G185100, Potri.009G144900 and Potri.009G145000) were upregulated and arose as the best candidates to catalyze the synthesis of the primary alcohols found in poplar bark suberinassociated waxes (Table S11 available as Supplementary Data at Tree Physiology Online). Remarkably, unlike its closest Arabidopsis match AtFAR3/CER4 (Rowland et al. 2006) , the poplar FARs expressed in cork seem to be active on monounsaturated acyl-CoAs similarly to jojoba FAR (Metz et al. 2000) .
Bark microscopical analyses suggested that in stage I tissues the epidermis was already transitioning to an incipient periderm, which showed much weaker fluorescence intensity than the older stage stems. This analysis also revealed that rather than increasing the number of suberized cell layers, cells were more heavily suberized as the cork matured. Consistently, chemical analyses showed that suberin monomer loads increased with bark age (Figure 2b ). All monomers increased with tissue age with the exception of 10,16-dihydroxypalmitate, which was highest in stage I and lowest in stage IV bark. This monomer is typically associated with cutin rather than suberin; in fact, Holloway (1983) attributed the presence of 10,16-dihydroxypalmitate in P. tremula bark suberin samples to remnants of cuticles. Similarly, in our study the alkane fraction of the chloroformsoluble waxes decreased dramatically with tissue age and may also be part of cuticular waxes of residual cuticles.
Although primary alcohols are typical suberin constituents and were abundant in the poplar bark wax fraction, only traces of these monomers were found in poplar bark suberin. Moreover, no unsaturated alcohols were released from the cell wall polyester. The major monomers were OH-FAs and DCAs (Figure 2b ). The high proportion of dicarboxylic and OH-FAs present in poplar suberin suggests high activity of P450 monooxygenases in cork. Accordingly, several genes with closest matches to previously characterized members of the CYP86A subfamily, involved in FA ω-oxidation of lipid polyester monomers , were enriched in cork (Table 2,  Table S11 available as Supplementary Data at Tree Physiology Online). Of these, CYP86A1 and CYP86B1 encode catalysts for the synthesis of C16-C18 and C22-C24 ω-oxidized monomers in Arabidopsis suberin, respectively (Li et al. 2007a , Höfer et al. 2008 ) and were upregulated in both stages. Transcripts putatively encoding the cutin-related CYP86A6 enzyme and an uncharacterized isoform with a potential role in flower cutin biosynthesis (Shi et al. 2011) , CYP86A7, were only highly expressed in stage III poplar cork compared with control tissues. This suggests that the poplar homologs of these cutin enzymes may catalyze the oxidation of suberin aliphatics in tree bark. Although 10,16-dihydroxypalmitate was one of the most abundant monomers in stages I and II cork, CYP77A6-required for the in-chain hydroxylation of this monomer in Arabidopsis )-was not detected in our DE analysis. However, a poplar transcript with best hit to CYP77A4 showed 42-fold increase in stage III cork. CYP77A4 can catalyze both FA in-chain hydroxylation and epoxidation of unsaturated FAs in yeast, but its physiological function is not fully understood ). Other candidates for aliphatic oxidation correspond to cork upregulated genes with best hits to members of the CYP94 and CYP704 subfamilies, which include monooxygenases capable of oxidizing the omega carbon to acid to yield DCAs and in-chain hydroxylases, respectively (reviewed by Pinot and Beisson 2011) . Notably, none of the six putative monooxygenase genes included in the 50 most upregulated transcripts in stage III cork belong to the CYP86A subfamily, and comprise uncharacterized CYP superfamily members. Acyl-CoA chains are transferred to glycerol by acyl-CoAdependent GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE (GPAT) enzymes (Figure 4 ). Poplar transcripts with closest matches to Arabidopsis GPAT 5, 6, 7 and 8 (Beisson et al. 2007 , Li et al. 2007a , Yang et al. 2012 were substantially upregulated in both poplar bark transcriptomes, suggesting that the putative poplar homologs of GPAT 6, 7 and 8-which encode cutinspecific acyltransferases in A. thaliana-may play roles in poplar suberin biosynthesis in addition to GPAT5.
Hydroxycinnamic acid (HCA) derivatives are also ester-bound to aliphatic suberin monomers. Cinnamic acids are products of phenylpropanoid biosynthesis, and the incorporation of these monomers into the suberin polyester implies an intersection of these two pathways. As illustrated in the proposed hypothetical pathways of suberin and phenylpropanoid biosynthesis (Figures 4 and 5) , feruloyl-CoA monomers and coumaryl-CoA acyl-donors are esterified to aliphatic acyl-acceptors, namely fatty alcohols and ω-hydroxy acids, via members of the HXXXDmotif transferase family (reviewed by Molina and Kosma 2015) . Poplar bark suberin contained ferulic and coumaric acids, which altogether accounted for only 2 mol% of the monomers in both stages included in our transcriptomic study. Several transcripts with best matches to previously characterized members of the HXXXD-motif transferase family were differentially expressed in our dataset, including ASFT (Molina et al. 2009 , Table 2 ) and DEFECTIVE IN CUTICULAR RIDGES (DCR; Panikashvili et al. 2009 , Table S11 available as Supplementary Data at Tree Physiology Online). However, current evidence suggests that DCR is required for cutin polyester formation (Panikashvili et al. 2009 ). The poplar bark transcriptome is also enriched in other members of this family (Table 2, Table S11 available as Supplementary Data at Tree Physiology Online), providing candidates for a yet uncharacterized coumaroyl-CoA transferase, and for the biosynthesis of the polyaromatic suberin domain.
Polyaromatic suberin biosynthesis
Lignin analysis methods have been used previously to estimate the monomer composition of polyaromatics found in suberized cell walls (Lapierre et al. 1996 , Bernards and Lewis 1998 , Marques et al. 1999 , Bernards and Razem 2001 , Santos and Graça 2006 ). Suberin's polyphenolic domain in potato periderm has been theorized to be lignin-like but, unlike lignin, it is rich in HCAs and contains small amounts of monolignols (Bernards et al. 1995 , Lapierre et al. 1996 , Marques et al. 1996 , Bernards and Lewis 1998 , Yan and Stark 2000 , Bernards and Razem 2001 . The total amount of cross-linked aromatics in poplar periderm, measured by the total acetyl bromide soluble lignin assay (8-12% of extracted dry cell wall material; Figure S1 available as Supplementary Data at Tree Physiology Online), was 50% lower than that of poplar xylem lignin (23% of the extractive-free cell wall material; Lapierre et al. 1996 , Foster et al. 2010 . On the other hand, an average of 25% polyaromatic content was found in extracted cell walls of Quercus suber cork (reviewed by Silva et al. 2005 ). Although total cross-linked aromatics increased by 30% in stages III-IV compared with the youngest tissue (stage I), such change was not proportional to the steady increase observed in suberin aliphatic polyester amounts, with stage IV having three times more aliphatic suberin than stage I periderm (Figure 2b ). While polyester monomer analysis did not show a substantial increase in the load of esterified ferulate and coumarate, putative ASFT homologs and other HXXXD-motif family candidates in cork were significantly upregulated in stage III periderm (see above). These ester-bound aromatics are linked to hydroxyl groups of aliphatics and are not part of the cross-linked aromatic polymer. Further cross-linking of ferulate and coumarate to the cell wall polymers via ether and C-C bonds has been postulated, perhaps to bridge suberin polyaliphatics to cell wall aromatics and polysaccharides, but these are not extracted by ester-breaking reactions (Bernards and Lewis 1998 , Graça 2009 , Marques et al. 2015 . Hence, an increase in ASFT expression may not necessarily correlate with an increase in the amount of ester-bound ferulate since this monomer can be quickly cross-linked to other cell wall components.
Putative key genes of the phenylpropanoid pathway were upregulated in both stages of cork development. However, a subset of transcripts were either downregulated (i.e., FERULATE 5-HYDROXYLASE, F5H) or not differentially expressed (i.e., PHENYLALANINE AMMONIA-LYASE, PAL; 4-COUMARATE:COA LIGASE, 4CL; CINNAMATE 4-HYDROXYLASE, C4H; CAFFEOYL COENZYME A ESTER O-METHYLTRANSFERASE, CCoAOMT; ALDEHYDE DEHYDROGENASE 2C4, ALDH2C4; UDP-GLUC OSYLTRANSFERASE 84A2, UGT84A2; SINAPOYLGLUCOSE 1, SNG1) in stage III poplar cork ( Figure 5) . Some of these genes may play a larger role during the early stages of aromatic suberin biosynthesis since homologs of PAL, 4CL and CCoAOMT were upregulated in stage II tissues, but not in stage III. Thus, it is possible that some genes have common functions in the phenylpropanoid pathway of both cork and control (i.e., vascular meristem and phloem) tissues of stage III bark. However, transcripts with best matches to HYDROXYCINNAMOYL-COENZYME A SHIKIMATE/ QUINATE HYDROXYCINNAMOYL TRANSFERASE, HCT; CINNAMOYL COA REDUCTASE 1/2, CCR1/2; CINNAMYL ALCOHOL DEHYDR OGENASE 1/7/9, CAD1/7/9; SERINE CARBOXYPEPTIDASE -LIKE 19, SCPL19; CYTOCHROME P450 98A3/COUMARATE 3-HYDROXYLASE, CYP98A3/C3H; UDP-GLUCOSYLTRANSFER ASE 72, UGT72 were upregulated in cork, suggesting that different isoforms of these genes are involved in phenylpropanoid metabolism of vascular tissues and cork.
Monolignol radicals are produced enzymatically by H 2 O 2 -dependent peroxidases, and by O 2 -dependent copper-containing laccases (reviewed by Barros et al. 2015) . Poplar contains 87 Class III peroxidase genes, 11 of which were upregulated in cork (Table S11 available 
as Supplementary Data at Tree Physiology
Tree Physiology Online at http://www.treephys.oxfordjournals.org Online). Class III peroxidases are typically extracellular proteins known to be required for monolignol cross-linking in lignin biosynthesis (Cosio and Dunand 2009, Lin et al. 2016) . Similarly, peroxidase-catalyzed free radical coupling of aromatics has been associated with the suberization process (Bernards et al. 1999 (Bernards et al. , 2004 . We also identified putative laccases preferentially expressed in cork, with best hits to AtLAC14 and AtLAC3. Consistent with their role in vascular tissue development, putative homologs of AtLAC4 and AtLAC17 were downregulated in cork. Laccase enzymes have been shown to be necessary for monolignol polymerization and non-redundant with peroxidases (Zhao et al. 2013 ).
Transport of suberin precursors and polymer assembly
Integral membrane proteins of the ATP-binding cassette (ABC) family contribute to the transport of cutin and suberin building blocks through the plasma membrane (PM). The poplar phellem transcriptome was rich in transcripts with closest matches to previously characterized genes encoding half-transporters involved in surface lipid secretion, namely ABCG11, ABCG32, ABCG16, ABCG2 and ABCG15 (Pighin et al. 2004 , Panikashvili et al. 2009 , Yadav et al. 2014 , Zhao et al. 2015 , Fabre et al. 2016 ). In addition, several poplar transcripts with best hits to AtABCG40 were highly represented in both developmental stages studied (Table 2, Table S11 available as Supplementary Data at Tree Physiology Online). ABCG40 transports abscisic acid (ABA) into plant cells (Kang et al. 2010) , and it is well documented that ABA mediates suberization in response to wounding and stress (Cottle and Kolattukudy 1982 , Lulai et al. 2008 , Leide et al. 2012 as well as endodermal suberization under nonstress conditions (Barberon et al. 2016) . Thus, this phytohormone may also play a role in bark phellem development, as suggested by Soler et al. (2011) .
Lipid transfer proteins (LTPs) mediate the transport of cuticle precursors from the PM to the cell wall surface (Debono et al. 2009 ), but direct evidence of how non-polar suberin components are carried from the PM to the cell wall to assemble the polymer is lacking. The poplar cork transcriptome includes many upregulated LTP genes ( Table 2, Table S11 available as Supplementary Data at Tree Physiology Online), and at least one putative LTP is among the 50 most highly expressed genes in stage III (Table 1) . LTP transcripts are also abundant in other transcriptomes of suberin-synthesizing tissues (Soler et al. 2011 , Alkio et al. 2014 , Shiono et al. 2014 , Legay et al. 2015 . Although the roles of lipid transport proteins in suberin synthesis remain speculative, these observations suggest that LTPs may carry precursors in the extracellular space to their site of final assembly on the cell wall.
Extracellular proteins of the GDSL-motif esterase/acyltransferase/ lipase family catalyze acyl-transfer reactions in cutin synthesis (Girard et al. 2012 , Yeats et al. 2012 , linking monoacylglycerols to form higher molecular weight polyesters in cutin. Although the function of these enzymes in suberin assembly has not yet been demonstrated, several putative GDSL genes were found upregulated in this study (Table 2, Tables S5, S6 and S11 available as Supplementary Data at Tree Physiology Online) and in other transcriptomic analyses of suberized tissues (Soler et al. 2007 , 2011 , Wang et al. 2014 , Legay et al. 2015 , Lashbrooke et al. 2016 . Furthermore, two genes encoding putative GDSL-motif enzymes are listed among the 50 most upregulated genes in stage III phellem (Table 1) , one of which, Potri.013G051000, is a putative homolog of tomato CUTIN DEFICIENT 1 (CD1/GDSL1; Girard et al. 2012 , Yeats et al. 2012 , whereas the second has not been characterized. Of note, other GDSL lipase genes had lower FC values than those listed in Table 1 , but their transcripts were 3 to 10 times more abundant (Table S11 available as Supplementary Data at Tree Physiology Online). Genes possibly encoding lipases of the α,β hydrolase family were also enriched in cork bark, and may function in polyester synthesis. A lipase of this family encoded by BODYGUARD (BDG) has been shown to be required for cutin biosynthesis (Kurdyukov et al. 2006 , Jakobson et al. 2016 ) and mutants of this gene also presented reduced root suberin content (Jakobson et al. 2016) . However, the actual reaction catalyzed by BDG has not been biochemically confirmed. A potential homolog of BDG was upregulated in stage II, but not differentially expressed in stage III cork. Nonetheless, more than 30 poplar transcripts with best hits to genes encoding enzymes annotated as alpha/beta-hydrolases were DE in this study, providing candidates for future investigations.
Regulation of suberization
Because suberin is deposited during normal development on specific cell walls and also synthesized as a response to biotic and abiotic stresses, different sets of regulatory proteins are likely in play. Several members of the MYB family of transcription factors regulate extracellular lipid deposition. MYB41 functions as a master regulator that induces suberin accumulation when it is ectopically overexpressed in leaves; it is specifically expressed in the root endodermis upon abiotic stress (Kosma et al. 2014) . Consistent with its proposed role in stress response, the poplar cork transcriptome did not show MYB41 transcripts, nor were these found in other periderm transcriptomes (Soler et al. 2007 , 2011 , Legay et al. 2015 . However, three poplar homologs of AtMYB102 (Denekamp and Smeekens 2003) , which along with AtMYB41 belongs to subgroup S11 ( Figure 6 ) and responds to salt stress, ABA, jasmonic acid, and wounding, were upregulated in cork, suggesting a possible role of these MYB102 homologs in poplar cork development. Our dataset include transcripts with best hits to three MYBs that regulate suberization, namely MYB107 and MYB9 (S10; involved in the developmental regulation of seed coat suberin; Lashbrooke et al. 2016 , Gou et al. 2017 , and MYB93 (S24; highly expressed in russeted exocarp and able to ectopically induce suberization in Nicotiana benthamiana leaves; Legay et al. 2015 Legay et al. , 2016 . MYB93 has also been shown to regulate lateral root development in Arabidopsis (Gibbs and Coates 2014) .
Genes associated with cuticle metabolism, namely MYB96, MYB94, MYB106 and MYB16, are included in subgroups S1 and S9 (Figure 6 ). Poplar homologs of MYB96 and MYB94 (Seo et al. 2011, Lee and Suh 2015) , were strongly upregulated in both developmental stages of cork, as well as a homolog of MYB60 (S1), which functions in abiotic stress responses in Arabidopsis (Oh et al. 2011) . Four poplar isoforms with best hits to two Arabidopsis MYB106 and MYB17 (S9) were upregulated in stage III cork. MYB106 regulates cuticle development (Oshima et al. 2013 ) and might also play a similar role in periderm development, whereas MYB17 functions in the meristem identity transition (Pastore et al. 2011) . The remaining putative MYB transcripts had best hits to genes linked to phenylpropanoid metabolism (MYB3, MYB7, MYB63; Zhou et al. 2009 Zhou et al. , 2015b , root casparian band formation (MYB36; Kamiya et al. 2015) , flavonol metabolism (MYB111; Stracke et al. 2010 ) and meristem development (MYB105).
Additionally, our database includes two poplar putative homologs to the AP2/EREBP family member WIN1/SHN1, a direct regulator of cutin and wax biosynthesis genes (Kannangara et al. 2007) . Because these transcripts were only differentially upregulated in older tissues (Table 2, Table S11 available as Supplementary Data at Tree Physiology Online), they may contribute to the periderm suberization process in poplar. Finally, transcripts of genes of the NAC and WRKY superfamilies were abundant in cork. NAC transcription factors are one of the largest families of transcriptional regulators in plants and include both activators and repressors; most NAC genes remain largely uncharacterized at the molecular level, and current evidence suggests that they function in the regulation of plant development and in response to plant biotic and abiotic stresses (Nuruzzaman et al. 2013) . One or more of the NAC isoforms found in our analysis were also reported being preferentially expressed in other suberizing tissues, including Q. suber phellogen (Soler et al. 2007 ), potato skin (Soler et al. 2011 ) and russeted apple exocarp (Legay et al. 2015) . In a recent study, Verdaguer et al. (2016) presented evidence suggesting that the potato NAC protein StNAC103-encoded by a putative ortholog of Arabidopsis ANAC058-represses suberin deposition in both suberizing and nonsuberizing tissues, but its direct target genes remain unknown. Two poplar putative homologs, namely Potri.012G056300 and Potri.015G046800, were highly represented in stage III cork and may have similar functions limiting suberin deposition in both cork phellem and lenticel phellogen (Verdaguer et al. 2016) . WRKY proteins participate in plant responses to pathogens, germination, senescence and responses to abiotic stresses such as drought and cold (reviewed by Rushton et al. 2010) . WRKY4 has been shown to transcriptionally activate Arabidopsis cuticular wax biosynthesis, confirming that this protein family is also involved in regulation of apoplastic lipid biosynthesis (Park et al. 2016) . Thus, the WRKY poplar transcripts that are highly represented in poplar bark, in particular those that are enriched in transcriptomes of suberizing tissues of other species, constitute promising candidates for future studies.
The extensive list of transcription factors upregulated in poplar cork as well as in other studied periderms suggests a complex transcriptional regulatory network underlying periderm development, suberization and programmed cell death leading to phellem formation. Although transcriptional regulation of such processes has been shown to be important, other mechanisms, including micro RNAs, may also modulate phellem differentiation (Chaves et al. 2014 ).
Conclusions
The importance of suberin in the context of plant biology, agriculture and forestry largely involves the barrier properties of the polyester. Populus tremula x P. alba cork suberin is dominated by DCAs and OH-FAs, and we identified novel monomers-notably, functionalized FAs not generated by enzyme-catalyzed stepsnot reported in previous studies of poplar cork composition. Our comprehensive transcriptome analysis of two developmental stages of bark tissue yielded 455 candidate genes for the biosynthesis and regulation of this complex biopolymer in poplar, including a number of putative homologs to well-characterized Arabidopsis genes. We have proposed a number of hypotheses that can be addressed by reverse genetic approaches to gain further insight into suberin biosynthesis and its physiological functions. In turn, this basic information will allow for manipulation of both the quantity and the composition of suberin in poplar with the goal of developing plants more tolerant to stresses triggered by climate change. This study of the transcriptome of poplar cork also constitutes a source of strong promoters for cork-targeted biotechnology approaches. Finally, it complements other transcriptomes investigated in the tree, namely seedlings, leaves, catkins, roots and xylem transcriptomes, which are available from the Poplar eFP Browser (http://bar.utoronto.ca; Wilkins et al. 2009 ) and PopGenIE (http://popgenie.org; Sjodin et al. 2009 ).
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